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Abstract. Fitting the multi-wavelength spectral energy distributions (SEDs) of galaxies is a
widely used technique to extract information about the physical properties of galaxies. However,
a major difficulty lies in the numerous uncertainties regarding almost all ingredients of the SED
modeling of galaxies. The Bayesian methods provide a consistent conceptual basis for dealing
with the problem of inference with many uncertainties. While the Bayesian parameter estimation
method have become quite popular in the field of SED fitting of galaxies, the Bayesian model
comparison method, which is based on the same Bayes’ rule, is still not widely used in this
field. With the application of Bayesian model comparison method in a series of papers, we show
that the results obtained with Bayesian model comparison are understandable in the context of
stellar/galaxy physics. These results indicate that Bayesian model comparison is a reliable and
very powerful method for the SED fitting of galaxies.
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1. Introduction
As shown in a series of papers with the same title by Conroy and collaborators
(Conroy et al. 2009, 2010; Conroy & Gunn 2010), there are many important uncertain-
ties in the stellar population synthesis modeling. To obtain the synthetic spectra of
simple stellar populations (SSPs), we need to employ a library of stellar evolutionary
tracks, a library of stellar spectra, and assumption about the stellar initial mass func-
tion (IMF), all of which suffer from some important uncertainties. It is still challenging
to model the complex effects of convection, rotation and a binary companion in stel-
lar evolution (Paxton et al. 2013). Some not well understood phases of stellar evolution,
such as the thermally pulsating AGB stars (Marigo & Girardi 2007; Marigo et al. 2008;
Rosenfield et al. 2016), horizontal branch stars (Heber 2009; Cassisi & Salaris 2013), and
blue straggler stars (Boffin et al. 2014), have important contributions to the integrated
light from a galaxy. On the other hand, the empirical libraries (e.g., Vazdekis et al.
2010) of stellar spectra are limited in the coverage in the parameter space, possible er-
rors in the estimation of physical parameters, finite SNR, while the theoretical ones (e.g.,
Leitherer et al. 2010) suffer from shortcomings of atomic and molecular data, inappropri-
ate abundance ratios, non-LTE, etc. Futhermore, the stellar initial mass functions (IMFs)
may not be universal as traditionally assumed, but could be variable in the galaxy’s for-
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mation history (Kroupa 2001; Bastian et al. 2010; Cappellari et al. 2012). Consequently,
the numerous uncertainties in the ingredients of the modeling have led to the diversity of
stellar population synthesis (SPS) models†. Except for the SSPs given by SPS modelings,
we need models about the star formation history (SFH) and chemical evolution history
of the interstellar medium, which are even more uncertain.
2. Bayesian model comparison
Given the numerous uncertainties regarding almost all ingredients of the SED model-
ings of galaxies, we need to find a method to allow a reasonable comparison of the many
possible assumptions about them. While the Bayesian parameter estimation method has
been widely used in the field of SED fitting galaxies, the Bayesian model comparaison
method, which is based on the same Bayes’ rule as Bayesian parameter estimation, is
still rarely used in this field. A main reason for this situation is that the computation
of Bayesian evidence, which is critical for Bayesian model comparison, is generally much
more computationally expansive than the posterior sampling in Bayesian parameter es-
timation. However, with the advent of state-of-the-art Bayesian inference tool, such as
MultiNest (Feroz et al. 2009), it has become possible to achieve efficient and robust com-
putation of Bayesian evidence. The Bayesian evidence can be thought as a quantified
Occam’s razor such that a model with a better balance between its goodness-of-fit to the
data and its complexity will be more favored (Gregory 2005).
A major difficulty for the application of Bayesian model comparison method to the
comparison of different SED modelings lies in the fact that the computation of the SED
modeling itself could be even more computationally expansive. In Han & Han (2012), we
have employed the artificial neural network (ANN) technique to allow a rather rapid
computation of model SEDs. With the building-up of a pre-released version of our
BayeSED code, we have applied the Bayesian model comparison to the study of a sam-
ple of hyper-luminous infrared galaxies (HLIRGs) (Ruiz et al. 2010). We found that the
more complicated Starburst+AGN model has larger Bayesian evidence than the simpler
pure Starburst or pure AGN model. This result supports the idea that HLIRGs repre-
sent an important phase in the formation and evolution of galaxies where both the star
formation and SMBH accretion are very active. In Fan et al. (2016a,b), we have applied
the similar methods to the infrared SED decomposition of a sample of WISE-selected,
hyperluminous hot dust-obscured galaxies. We found that the more complicated AGN
torus+Greybody model has larger Bayesian evidence than the simpler pure AGN torus
or pure Greybody model for these galaxies.
In Han & Han (2014), we have presented the first version of our BayeSED code. The
performance of BayeSED for the estimation of physical parameters, such as stellar mass
and star formation rate, has been extensively tested with a mock sample of galaxies and
the comparaison with the results obtained with the FAST code (Kriek et al. 2009). With
BayeSED V1.0, we have presented the first Bayesian comparison of SPS models. For a
Ks-selected sample of 5467 low-z galaxies given by Muzzin et al. (2013), we found that
the simpler BC03 model has larger Bayesian evidence than the M05 model. However, this
comparison of SPS models has some important limitations. For example, we have only
considered the most popular BC03 and M05 models, while there are many others. The
SFH of galaxies is fixed to the commonly used Exp-dec form, and the dust attenuation
law (DAL) is fixed to the Calzetti law. Since the SFH and DAL of different galaxies could
† See http://www.sedfitting.org/Models.html for an incomplete list of these models.
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be very different, the above assumption about them could introduce serious bias to the
results of Bayesian SPS model comparaison.
In Han & Han (2019), we have presented a more comprehensive Bayesian Discrimina-
tion of SPS models, where 16 SSP models, 5 forms of SFH and 4 forms of DAL have been
considered. We have introduced a method to define the Bayesian evidence for the SED
modeling of a sample of galaxies with a universal and fixed SSP, but object-dependent
and free SFH and DAL. Since the Bayesian evidence is defined for a sample of galaxies
instead of an individual galaxy and the results are obtained with the marginalization over
the different choices of SFH and DAL for different galaxies, we can achieve a much more
robust comparison of SPS models. We found that the most widely used BC03 has much
larger Bayesian evidence than many other more updated SPS models, including the CB07
model from the same authors. Our results indicate that the contribution of TP-AGB stars
is still not properly considered in current SPS models. On the other hand, we found that
the version of BPASS V2.0 model (Eldridge et al. 2008) without binaries has a slightly
larger Bayesian evidence than the BC03 models. However, the version of BPASS V2.0
model with binaries actually has the lowest Bayesian evidence. For the two models with
the consideration of binaries, the Yunnan-II model (Zhang et al. 2005) is more favored
than the BPASS V2.0 model. Our results indicate that the effects of binaries are still not
well considered in current SPS models, which is not surprising, given the uncertainties
about the period and mass-ratio distributions of binary stars (Moe & Di Stefano 2017)
and other not well understood complex physics in binary stellar evolution.
3. Conclusion
With the MultiNest-like Bayesian inference tools and methods for rapid generation
of model SEDs, it has become possible to reliably and efficiently compute the Bayesian
evidence for a large set of SED models. In a series of papers, we show that the results
obtained with Bayesian model comparison are understandable in the context of stel-
lar/galaxy physics. So, we believe that Bayesian model comparison is a reliable and very
powerful method, and it should be more extensively used in the field of SED fitting
and the study of galaxies. We have built the BayeSED code † for this kind of studies.
The public version of the code is in a compiled binary format, which is generally faster
than other interpreted language code (e.g. Python). The code is directly runable on
MAC/LINUX platform and does not require users to resolve the often annoying library
dependency problems. In the future, more and more sophisticated SED models will be
added gradually to BayeSED. The suggestions about adding new SED models and other
new features, and the reports about bugs are very welcome.
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Discussion
Joel Leja: Given the many uncertainties in SED modeling, can you be sure that a
model comparison is uniquely showing that that parameter is favored?
Yunkun Han: No. When you want to answer questions about one specific parameter
(e.g. SSP model) with Bayesian model comparison, other uncertainties (SFH, DAL) can
be marginalized out to obtain robust answer. However, there are many possibilities for
the other two. Indeed, to make the results of model comparison as robust as possible, we
should make the selection of the other two as flexible as possible.
David Rosario: Can you distinguish between the model parameter and systematic
issues with the dataset?
Yunkun Han: Yes. Except for the normal physical parameters, we have added the
parameter errobssys to take into account the possible systematic issues within the dataset.
